The effect of the annealing temperature on the magnetostrictive properties of FeCo alloy thin films on quartz glass was systematically investigated. The saturation magnetostriction was 56 ppm for the Fe 32 Co 68 -sputtered thin film quenched from 673 K, and it increased to 159 ppm with increasing annealing temperature up to 1073 K. The magnetostriction above 1093 K significantly decreased with the emerging fcc phase in the FeCo alloy. SEM images showed that the crystal grains present in the fcc phase aggregated to form a discontinuous surface, which resulted in a decrease in the effective magnetostriction. Measurements of the magnetic properties by vibrating sample magnetometer and magnetic force microscopy revealed the enhancement of the magnetization at the crystal grain boundaries of FeCo alloy thin films with large magnetostriction. Thus, the heterogeneity of the magnetization can play a key role in inducing the large magnetostrictive effect.
Introduction
In recent years, there has been strong interest in introducing magnetostrictive thin films for microelectromechanical systems (MEMS) as novel actuators, sensors, and vibration energy harvesting devices. 15) A key contribution of MEMS technology is the integration of multifunctional elements on a single chip, which enhances the performance, reliability, and competitive pricing. Rare-earth-based magnetostrictive materials, represented by TbDyFe, have played a central role in developing such applications owing to their large magnetostriction of more than 2000 ppm. 611) However, there has also been demand for developing rare-earth-free magnetostrictive materials as a result of the depletion of natural resources.
Recently, the strong magnetostrictive effect originating from the heterogeneity at the phase boundaries of Fe-based alloys has attracted great research interest. Extraordinary magnetostrictive behaviors have been observed in FeGa and FeAl alloys, exhibiting large magnetostriction values (3/2) 100 of more than 400 ppm for Fe 81.3 Ga 18.7 12, 13) and 200 ppm for Fe 83. 4 Al 16.6 . 14) In each case, the increase of magnetostriction occurred in the vicinity of ordered DO 3 /disordered A2 phase boundaries, and several mechanisms such as magnetic domain rotation 15) and large elastic deformation of DO 3 nanoclusters 16) have been proposed. Much effort has also been devoted to developing the magnetostriction of FeCo alloys 1719) ever since the first report on the magnetostrictive properties over the entire composition range by Masiyama. 20) More recently, Hunter et al. prepared compositional gradient FeCo alloy thin films using a co-sputtering technique, and they found significant magnetostriction enhancement at the (fcc + bcc)/bcc phase boundary.
21) The effective magnetostriction was 260 ppm for an Fe 34 Co 66 thin film quenched from 1073 K, and the intrinsic magnetostriction 100 was estimated to be more than 1000 ppm. However, it is difficult to understand the interfacial effect on magnetostriction by focusing solely on its composition dependence because the contribution of Joule magnetostriction, which becomes prominent in the vicinity of Fe 50 Co 50 , 21) should also be included. Furthermore, from a practical standpoint in terms of the manufacturing process, it is of special importance to investigate the effect of annealing on the magnetostrictive properties of FeCo alloys.
In this study, we report on the annealing temperature dependence of the magnetostriction of FeCo alloy thin films. Thin films of Fe 32 Co 68 were deposited on quartz glass using a sputtering technique. The samples were then quenched from 673 to 1173 K. The magnetostrictive properties of these films are discussed in detail based on the characterization of the structures and their magnetic properties.
Experimental Procedure
FeCo alloy thin films 240 nm thick were sputter-deposited on quartz glass substrates using RFS-200 (ULVAC). The substrates were 20 mm long, 5 mm wide, and approximately 6070 µm thick. The films were fabricated at a substrate temperature of 623 K under an Ar pressure of 1.0 Pa and a sputtering power of 100 W, which yielded a deposition rate of 2 nm/min. In this study, the composition of the films was chosen to be Fe 32 Co 68 so as to obtain an fcc and/or bcc phase by annealing between 673 and 1173 K. 22) The samples were annealed for 60 min in an evacuated glass tube and quenched by immersing the tube in ice water.
The crystallographic phases of the FeCo alloy thin films were characterized by X-ray diffraction (XRD; Ultima-III, Rigaku) analysis using Cu K¡ radiation with a monochromator. The microstructure observation and the composition analysis were carried out using a field-emission scanning electron microscope (FE-SEM; S-4800, Hitachi) equipped with an energy dispersive X-ray spectrometer.
The magnetostriction was evaluated by using the cantilever deflection technique, which allows the magnetostriction to be determined from the field-induced bending of the cantilevered substrate.
23) The displacement of the cantilever was induced by an alternating magnetic field parallel (H ¬ ) and perpendicular (H ? ) to the longitudinal direction of the substrate but always parallel to the film plane. The saturation magnetostriction s was calculated using the following expression:
where ¦ S¬ and Á S? are the maximum position change of the laser spot on the position sensitive detector (PSD) induced by H ¬ and H ? , respectively, E is the Young's modulus, t the thickness, l the distance between the clamping edge to the laser spot on the sample, and L the optical travel distance from the incident point at the sample. The subscripts "s" and "f " denote "substrate" and "film", respectively. The Young's moduli were determined by a nanoindentation technique using a mechanical properties tester for thin films (NEC MH4000).
24)
The magnetic properties were measured by a vibrating sample magnetometer (VSM; VSM-5-10, TOEI). The magnetic microstructure was investigated by magnetic force microscopy (MFM; SPI3800N/SPA400, SII) employing a silicon cantilever coated with a CoCr alloy (MFMR-10, NanoWorld). Figure 1 shows the XRD patterns of the FeCo alloy thin films quenched from various temperatures. As shown in Fig. 1(a) , the reflections from the bcc and/or the fcc phase were observed in wide-range XRD patterns, depending on the annealing temperature. Detailed data for the crystalline phase of the FeCo alloy thin films was furthermore examined by narrow-range XRD patterns and the results are shown in Fig. 1(b) . The double-peak feature is due to the K¡ 1 and K¡ 2 X-rays, but this feature is not detectable at 673 K owing to the significant broadening of the XRD peak. A single-phase bcc structure was observed when the annealing temperature was less than 1093 K. As the temperature increased, the structure exhibited a coexisting phase of bcc and fcc between 1113 and 1143 K and single-phase fcc above 1153 K. Thus, the crystal structures, which are consistent with the conventional phase diagram of the FeCo binary system, 22) were successfully obtained. Figure 2 shows changes in surface morphologies by annealing. The film annealed at 673 K exhibits a uniform surface that consists of tiny grains. Annealing at 1073 K resulted in growth of the crystalline grains. The increase of the grain size is supported by the XRD patterns in Fig. 1(b) showing the decrease of the peak width. Annealing at 1133 K caused the grains to aggregate, thus forming a discontinuous surface. The aggregation was further developed at 1153 K. One of the conceivable causes of the aggregation is the interfacial reaction of the FeCo layer with the quartz substrate. Bendersky et al. reported the formation of an Fe 2 SiO 4 mixed silicate at the FeCo/SiO 2 interface by annealing at 1073 K, 25) where the silicate may have acted as the crystal-growing nucleus. Differences in the crystallization kinetics between the bcc phase and the fcc phase could be another cause because of the discontinuous surface observed in the film with an fcc phase. Figure 3 shows the annealing-temperature dependence of s of the FeCo alloy thin films. The magnetostriction for each sample was determined from the field-induced butterfly loops as a result of magnetostrictive behavior, as shown in the inset of Fig. 3 . As the annealing temperature increased, s gradually increased, reaching a maximum of 159 ppm at 1073 K and then it decreased. The s value of the sample annealed at 1073 K is almost three times larger than that of the sample annealed at 673 K. From the XRD results shown in Fig. 1 , it is apparent that s is greatly enhanced in the vicinity of the bcc/fcc coexisting phase, but note that the phase exhibiting maximum s is single bcc. The s value decreased with the appearance of the fcc phase, and the magnetostrictive response became undetectable by our measurement system for the fcc single-phase samples annealed above 1143 K. However, the significant decrease of s is considered to be caused by the discontinuous surface shown in Fig. 2 rather than by the magnetostrictive properties of the crystalline phase. For simplicity in this study, we calculated s using eq. (1) on the assumption that the film is uniform, but the intrinsic s should be higher because the effective magnetostriction is hindered owing to the discontinuous surface. Next, we performed MH curve measurements to evaluate the magnetic properties at room temperature. Figure 4 shows the in-plane hysteresis curves of thin films annealed at 673, 1073, and 1153 K. Every curve exhibits significant soft magnetic properties, indicating that the easy-axis direction of the preferential magnetization is parallel to the film plane. The most striking feature in this figure is the annealing temperature-dependence of the magnetization. Figure 5 shows the plots of saturation magnetization M s and coercive field H c against the annealing temperature. It is seen that M s monotonically increased with increasing annealing temperature up to 1093 K and then it began to decrease. This tendency is similar to that of the magnetostriction, and the magnetostriction enhancement is considered to be related to the magnetization increase. H c shows a two-step decrease as the annealing temperature increases. This decrease is probably due to the stress relief created in the material itself and in the substrate interface, which is estimated to be prominent after the appearance of the discontinuous surface at higher annealing temperatures. For further understanding of the magnetization increase, we conducted MFM measurements to investigate the magnetic microstructure. Figure 6 shows the results of the MFM measurements on the sample annealed at 1093 K. The AFM image (a) was obtained by tapping mode for the first scan and the MFM image (b) was obtained for the second scan by monitoring the phase shift in the resonant cantilever oscillation, keeping the cantilever height constant above the sample surface configuration. Comparing Figs. 6(a) and 6(b), the MFM image exhibits a dark-colored area in the vicinity of the grain boundaries, as indicated by the arrows. As seen in the line profile of the height and the phase shift shown in Fig. 6(c) , the phase shift increases at the dark-colored area. The degree of the phase shift provides information on the magnetic field gradient between the cantilevered tip and the FeCo surface. Therefore, these results suggest that the local magnetization is enhanced around the grain interfaces of the FeCo alloy thin film quenched from 1093 K. The origin of the magnetostriction enhancement in FeGa is thought to result from martensitically transformed precipitates in FeGa alloys acting as tetragonal defects that can be rotated by applying a magnetic field. 15) Hunter et al. also proposed a similar scenario, in which the reorientation of the tetragonal precipitates at the (fcc + bcc)/bcc phase boundary results in the magnetostriction enhancement in FeCo alloy thin films. 21) Our findings of the magnetization increase at the grain boundaries serve as strong evidence for the presence of tetragonal precipitates, which supports the magnetic domain rotation model as the mechanism for the magnetostriction enhancement of the FeCo alloy system.
Results and Discussion

Conclusions
We investigated the effect of annealing temperature on the magnetostrictive properties of a Fe 32 Co 68 alloy thin film on quartz glass. As the annealing temperature increased, the saturation magnetostriction s increased, reaching a maximum of 159 ppm at 1073 K, which is almost three times larger than s of the sample annealed at 673 K. We also observed the increase of the magnetization at the grain boundaries of FeCo alloy thin films with large magneto- striction, which would support the magnetic domain rotation model as the mechanism of the magnetostriction enhancement at the (fcc + bcc)/fcc interface. After emerging fccphase annealing above 1113 K, s significantly decreased. SEM observations suggested that the decrease of s is due to the discontinuous surface structure rather than to the magnetostrictive properties of the crystalline phase. These findings allow us to envision an ideal structure with large magnetostrictive properties that consist of high density (fcc + bcc)/bcc phase boundaries with suppressed fcc emergence to minimize the undesired discontinuous structure.
